of turtle embryos from males to females in a synerMany environmental agents exert estrogenic activ-gistic manner. Our results suggest that the synergy of ity. Previous studies from our laboratories demon-some combinations of estrogens, synthetic or steroistrated that certain combinations of environmental es-dal, may play a role in the estrogen-dependent process trogens (i) reverse the sex of male turtle embryos in a of sexual development in certain species. into three classes; ovarian estrogens such as estradioltrone, estradiol-17b or estradiol-17a in yeast strains expressing hER was synergistic at submaximal con-17b; compounds produced by plants, such as coumescentrations of both estrogenic compounds. However, trol, called phytoestrogens; and synthetic chemicals synergy was not observed with mixtures of estrogens found in the environment such as 1,1,1-trichloro-2,2-when the concentration of one of the estrogens alone bis(p-chlorophenyl)ethane (DDT) and polychlorinated was maximally active in yeast. Ligand-binding assays biphenyls (PCB). In general, these compounds share in yeast performed with various radiolabeled estro-limited structural similarity but have been classified as gens suggested that multiple estrogens may interact estrogenic based on their capacity to produce classical with the receptor. The estrogen-dependent process of estrogen-like effects in animals (2 -5). For the most sex-reversal of turtle embryos incubated at a male-pro-part, the in vivo effects of these compounds appear to ducing temperature was used to determine whether correlate with the interaction of the chemicals through steroidal estrogens also had synergistic activity in the estrogen receptor (ER) in vitro (3, 5). The affinity vivo. In this instance, a combination of estriol and es-of most environmental estrogens for the ER is 1/50 th to tradiol-17b was effective in reversing the gonadal sex 1/10,000 th that of estradiol-17b (6). The low affinity of most environmental estrogens for the ER raises the issue of whether the exposure of wildlife or humans to turtle. The sex of many turtles is determined by tem- 512-471-6078; e-mail: crews@mail.utexas.edu. perature, a process known as temperature-dependent Abbreviations: dichlorodiphenyltrichloroethane, DDT; human estrogen receptor, hER.
Ovarian estrogens regulate expression of secondary thetic estrogens suggested that combinations of natusexual characteristics and some reproductive functions rally-occurring steroidal estrogens might also produce in women. In some wildlife species, estrogens may actusynergistic activity of the ER, we used the same model ally participate in regulating the sex of the offspring systems to measure the activity of combinations of ste- (1) . Compounds with estrogenic activity can be grouped roidal estrogens. The activity of combinations of esinto three classes; ovarian estrogens such as estradioltrone, estradiol-17b or estradiol-17a in yeast strains expressing hER was synergistic at submaximal con-17b; compounds produced by plants, such as coumescentrations of both estrogenic compounds. However, trol, called phytoestrogens; and synthetic chemicals synergy was not observed with mixtures of estrogens found in the environment such as 1,1,1-trichloro-2,2-when the concentration of one of the estrogens alone bis(p-chlorophenyl)ethane (DDT) and polychlorinated was maximally active in yeast. Ligand-binding assays biphenyls (PCB). In general, these compounds share in yeast performed with various radiolabeled estro-limited structural similarity but have been classified as gens suggested that multiple estrogens may interact estrogenic based on their capacity to produce classical with the receptor. The estrogen-dependent process of estrogen-like effects in animals (2 -5) . For the most sex-reversal of turtle embryos incubated at a male-pro-part, the in vivo effects of these compounds appear to ducing temperature was used to determine whether correlate with the interaction of the chemicals through steroidal estrogens also had synergistic activity in the estrogen receptor (ER) in vitro (3, 5) . The affinity vivo. In this instance, a combination of estriol and es-of most environmental estrogens for the ER is 1/50 th to tradiol-17b was effective in reversing the gonadal sex 1/10,000 th that of estradiol-17b (6) . The low affinity of most environmental estrogens for the ER raises the issue of whether the exposure of wildlife or humans to incubated at 26 ЊC or 31 ЊC result in all male or all female hatchlings, respectively (8) . Turtle embryos incubated at a male-producing temperature can be reversed by spotting the eggs with estradiol, estriol, estrone or high concentrations of hydroxylated PCBs (4, 7, 9) . A combination of some hydroxylated PCBs was effective in sex-reversal at concentrations of the chemicals that had no activity alone (4) . The slider turtles were used as an in vivo assay in the present study for measuring the activity of individual or combinations of estrogens that affect sexual development.
An in vitro cell model system using yeast expressing hER was developed to facilitate studies of the molecular mechanisms associated with the adverse effects of estrogens at critical developmental points (10) . We Strain hER-ERE was grown overnight in the presence of the estrohave used yeast expressing hER to demonstrate that gens at increasing concentrations. b-galactosidase was measured some combinations of synthetic chemicals produce es-after 14h, calculated as Miller Units as described in the Materials and Methods and presented as a percentage of estradiol-17b (100% trogenic activity in a synergistic manner (6) . A mixture 
MATERIALS AND METHODS
in a liquid scintillation counter. Statistics were performed by oneway ANOVA least significant difference test (Microsoft Excel). SigChemicals. Estradiol-17b, estrone, estriol and estradiol-17a were nificant differences were defined when põ0.05. The data the result purchased from Sigma Chemical Co. (St. Louis, MO). 17b-from three independent experiments with three replicates each. 3,4,6,7[ mond, LA) and incubated at 26 ЊC on a layer of vermiculite: water Yeast assays. Strain YPH499 (Mat a, ura 3-52, lys 2-801, ade 2-(1:1) in temperature-controlled chambers (Precision). At the begin-101, trp 1-D63, his 3-D200, leu 2-D1) (11) was transformed with the ning of the period of gonadal differentiation (approximately five expression plasmid pRS303 containing wild-type hER under control weeks from the date eggs are laid at this temperature), which coinof the glyceraldehyde-3-phosphate dehydrogenase promoter (12) and cides with the developmental stage at which the embryos are sensi-2ERE-lacZ reporter (10) . Strains were grown overnight at 30 ЊC in tive to the effects of exogenous estradiol-17b (9), eggs were randomly synthetic medium-uracil, tryptophan (for DY150) or histidine (for assigned to treatment groups and spotted with various concentra-YPH499). The next day, 25 ml of the overnight culture was diluted tions of estriol, estradiol-17b, estradiol-17b plus 0.01 mg estriol, or into 975 ml of fresh medium and grown overnight with DMSO or with ethanol alone (5 ml) as a control. Incubation was continued estradiol-17b, estrone, estriol or estradiol-17a. All the estrogens were at the experimental temperature until hatch (approximately seven prepared in DMSO and the concentration of DMSO in the assay was weeks) and the hatchlings dissected to determine resulting sex raless than 1.0%. The combinations of estrogens were pre-mixed and tios. We determined gonadal sex and status of genital ducts by visualadded so that the concentration of DMSO was equivalent to that ization under a dissection microscope and verified sex histologically used for the individual estrogens. None of the chemicals substantially as described (8) . The dosage effect of estradiol-17b and estriol alone inhibited the growth of the yeast at the concentrations tested.
and in combination was determined using polynomial logistic regression as described in Crews et al. (10) . A one-tailed t-test was used b-galactosidase assays. These assays have been extensively described (6, 10) . The absorbance of the reaction was measured at to compare the regression coefficients under combined vs. single hormone treatment. Synergism between the paired estrogens would be 420 nm (A 420 ). The growth of the yeast strains was monitored by measuring the absorbance at 600 nm (A 600 ). Miller units were deterindicated if a significantly larger dosage effect for the combined treat- ships with one estrogen in the presence of a single dose of a second estrogen. Combinations of some submaximal concentrations of estradiol-17b and estrone pro-RESULTS AND DISCUSSION duced a synergistic increase in reporter activity ( Fig.  2A , Table 1 ). For example, 1 nM estradiol and 10 nM Strain YPH499 containing hER and an estrogen-speestrone produced 1808 Miller Units. A predicted value cific reporter was used to examine the activity of the of 621 Miller units would have been observed if the steroidal estrogens estradiol-17b, estradiol-17a, estriol two estrogens were additive. The combination of 1 nM or estrone. Incubation of yeast with increasing concenestradiol and 10 nM estrone produced approximately trations of estradiol induced a dose-dependent increase three-fold synergy. However, a synergistic increase in in b-galactosidase activity (Fig. 1) . This activity was reporter activity was not observed near or at the conmaximum at 10 nM estradiol-17b. The activity of escentrations that produced maximal activity of estrone trone, estradiol-17a and estriol was 1/20 th , 1/40 th and or estradiol-17b. This may indicate that the effect was 1/1000 th , respectively, that of estradiol-17b. The activsaturable. ity of the four steroidal estrogens in yeast strain hERSynergy was also observed with combinations of es-ERE is consistent with the activity of these estrogens tradiol-17a plus estrone (Fig. 2B ) and estradiol-17b in other yeast and mammalian cell systems (10, 19) .
The activity of combinations of estrogenic compounds plus estradiol-17a (data not shown) in yeast. Consis-
FIG. 2-Continued
tent with the results presented in Table 1 , synergy was DY150 (data not shown). Synergistic responses were not observed with estradiol-17b and estriol with hER observed at submaximal, but not maximal, concentrations when combinations of the estrogens were exam-in strains DY150 and YPH499 (data not shown).
We have evaluated whether the synergistic transined. Furthermore, we also observed a greater than additive response with some combinations of steroidal activation of ER with a combination of steroidal estrogens resulted from two estrogens binding the ER. estrogens using a similar hER-ERE unit in strain (Table 2 ). Estrone did not affect binding triol resulted in increasing numbers of female hatchlings ( Table 3 ). The synergistic activity of a comof [ 3 H]estradiol-17b to the hER at 1 and 10 nM. These concentrations of estrone in combination with 1 nM bination of steroidal estrogens was determined in vivo by measuring sex-reversal of hatchling turtles that had estradiol-17b produced a synergistic increase in hERmediated transactivation (Table 1 ). This indicated that been treated during incubation at a male-producing temperature. Regression coefficients for the single horsome concentrations of estrone did not compete for [ mone treatments were similar to those determined previously for the same estrogens at 26 ЊC (9); i.e., estriol To evaluate the hypothesis that a second binding site on the ER may mediate the binding of some steroidal produced a much larger dosage effect than estradiol17b (Table 3 ; Fig. 3 ). The various concentrations of estrogens to the ER, 10 nM [
3 H]estrone in the presence or absence of estradiol-17b was incubated in strain estradiol-17b in combination with a basal dosage of estriol was significantly greater than the comparable YPH499 expressing hER. Specific binding of [ 3 H]-estrone-binding to hER was demonstrated by incuba-dosages of estradiol-17b alone (Fig. 3) . Examination of regression coefficients indicate that this combination tion with a 10-fold excess of estradiol-17b (Table 2) . Interestingly, the binding of [ 3 H]estrone to hER was treatment produced two-fold synergy at the two lowest dosages of estradiol-17b. The combined treatment also increased with estradiol-17b. This suggested that estradiol-17b may induce an allosteric change in the ER showed a quadratic relationship, with greater effects at lower dosages and decreasing effect at higher dosage. promoting increased binding of [ temperatures (9) . Unlike estradiol-17b, ER binding with estrone and estriol changes with temperature in mammals (20) . Female development can also be induced by synthetic compounds such as DES, R2858 (1, 21) , and certain PCBs (4) .
In this paper, we have shown that some combinations of steroidal estrogens have synergistic activity in yeast expressing hER and in sex-reversing maledetermined turtle embryos. These results suggest that the presence of several endogenous estrogenic metabolites may play key roles during sexual development. The elucidation of the mechanism whereby combinations of steroidal estrogens influence sexual development will be important for understanding how some The results presented in this paper are similar to REFERENCES our previous results demonstrating synergistic hERmediated transactivation in yeast treated with combi-
